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Kindlin-1 Mutant Zebrafish as an In Vivo Model
System to Study Adhesion Mechanisms in the
Epidermis
Ruben Postel1,4, Coert Margadant1,4, Boris Fischer2, Maaike Kreft1, Hans Janssen1, Pablo Secades1,
Giovanna Zambruno3 and Arnoud Sonnenberg1
From a forward genetic screen for epidermal defects in zebrafish, we identified a loss-of-function mutation in
Kindlin-1, an essential regulator of integrin function. The mutation generates a premature stop codon, deleting
the integrin-binding site. The mutant zebrafish develops cell–matrix and cell–cell adhesion defects in the basal
epidermis leading to progressive fin rupturing, and was therefore designated rupturing-of-fins (rof). Similar
defects were observed in the epidermis of Kindler syndrome patients, carrying a loss-of-function mutation in
kindlin-1. Mutational analysis and rescue experiments in zebrafish revealed that residues K610, W612, and I647 in
the F3 domain are essential for Kindlin-1 function in vivo, and that Kindlin-2 can functionally compensate for the
loss of Kindlin-1. The fin phenotype of rof/kindlin-1mutants resembles that of badfin mutants, carrying a mutation
in integrin a3. We show here that this mutation impairs the biosynthesis of integrin a3b1 and causes cell–matrix
and cell–cell defects in vivo. Whereas both Integrin-linked kinase (Ilk) and Kindlin-1 cooperate with Integrin
a3b1 to resist trauma-induced epidermal defects, Kindlin-1 and Ilk, surprisingly, do not act synergistically but in
parallel. Thus, the rof/kindlin-1 mutant zebrafish provides a unique model system to study epidermal adhesion
mechanisms in vivo.
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INTRODUCTION
Integrins are ab heterodimeric transmembrane receptors that
connect the extracellular matrix to the cytoskeleton. Ligand
binding triggers integrin clustering and the recruitment of a
variety of signaling, structural, and adaptor proteins, leading to
the formation of multiprotein adhesion complexes (Geiger and
Yamada, 2011). In the skin, the main integrin-based complex
that mediates adhesion of the epidermis to the underlying
basement membrane (BM) is the hemidesmosome (HD). HDs
are assembled by the laminin (Ln)-binding integrin a6b4 and
consist further of plectin, CD151, and the bullous pemphigoid
antigens 180 and 230 (Margadant et al., 2008). The binding to
intermediate filaments stabilizes the connection of the HD
with the BM, which is in turn anchored to the dermis by
anchoring fibrils, consisting of collagen (Col)-VII. A defect in
any of these components leads to skin blistering, as illustrated
by a variety of mouse models and a group of human bullous
disorders classified as epidermolysis bullosa (Natsuga et al.,
2010).
In contrast to a6b4, b1-containing integrins connect to the
actin cytoskeleton and assemble adhesion structures desig-
nated focal adhesions. The integrin a3b1, one of the two
major b1-integrins on basal keratinocytes, is involved in
epidermal adhesion, BM organization, and stem cell main-
tenance (DiPersio et al., 1997; Hodivala-dilke et al., 1998;
Margadant et al., 2010; Has et al., 2012; Sachs et al., 2012).
Consequently, mice that lack the a3 or the b1 subunit in the
epidermis, in addition to human patients who carry mutations
in the ITGA3 gene encoding a3, develop BM abnormalities
and skin blisters, although the blistering is less severe than in
the absence of a6b4, because adhesion to the BM is partially
rescued by HDs (DiPersio et al., 1997; Brakebusch et al.,
2000; Raghavan et al., 2000; Margadant et al., 2009;
Has et al., 2012). The abnormalities caused by the loss of
a3b1 are partially recapitulated in mice that lack the
focal adhesion protein integrin-linked kinase (ILK), and in
patients with Kindler syndrome (KS), a congenital disorder
characterized by trauma-induced skin fragility and blistering,
photosensitivity, and poikiloderma (Ashton, 2004; White and
McLean, 2005; Lorenz et al., 2007; Nakrieko et al., 2008).
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A subset of KS patients also develops lesions in the
gastrointestinal tract (Sadler et al., 2006; Kern et al., 2007).
KS is caused by mutations in the KIND1 (FERMT1) gene,
encoding the protein kindlin-1 that is highly expressed in
epithelia, predominantly in the skin and the intestine (Jobard
et al., 2003; Siegel et al., 2003; Herz et al., 2006; Ussar
et al., 2006). The kindlins are essential regulators of integrin
function. Kindlins contain a four-point-one/ezrin/radixin/
moesin (FERM) domain, consisting of subdomains F0–F3, with
a pleckstrin homology domain inserted into F2. The pleckstrin
homology domain regulates the recruitment of kindlins to the
plasma membrane, where they bind directly to the cytoplas-
mic tail of integrin b-subunits through their C-terminal F3
region (Larjava et al., 2008; Meves et al., 2009).
In this study, we identified a zebrafish Kindlin-1 loss-of-
function mutant that lacks the F3 region and develops
mechanical trauma-induced epidermal fragility and fin ruptur-
ing during embryonic development. The zebrafish epidermis
comprises a basal layer (the basal epidermis), surrounded by
the periderm. During early embryonic development, adhesion
of the basal epidermis to the underlying BM is mediated by
Integrin a3b1 binding to Ln-511, whereas HD assembly starts
not until 5 to 6 days after fertilization (Sonawane et al., 2005,
2009; Webb et al., 2007; Carney et al., 2010). Therefore,
zebrafish embryos constitute a unique model system to study
b1-integrin-dependent phenomena in vivo in the absence
of HDs. Here, we study the regulation of adhesion in the
developing epidermis in zebrafish, with specific focus on
Integrin a3b1, Kindlin-1, and Ilk.
RESULTS AND DISCUSSION
A loss-of-function mutation in Kindlin-1 causes epidermal
fragility and progressive fin rupturing in zebrafish
From a forward genetic screen in zebrafish for epidermal
defects during embryonic development, we isolated a mutant
hu8654 that developed epidermal fragility at 2 days post
fertilization (d.p.f.; Figure 1a). The mutant was designated
rupturing-of-fins (rof), because progressive rupturing of the
medial fins occurred at later stages of development, eventually
resulting in their complete loss (Figure 1b). The rof mutant
embryos are not viable and die atB10 d.p.f. Meiotic mapping
positioned the causal mutation on chromosome 20, close to
marker z22041 (Figure 1c). One of the genes within the
corresponding genomic interval is kindlin-1 (FERMT1,
LOC100332544), which encodes Kindlin-1, the zebrafish
ortholog of human kindlin-1. Whole-mount in situ hybridiza-
tion in wild-type embryos revealed kindlin-1 mRNA expres-
sion at the medial and pectoral fin folds, the branchial arches,
and in the intestinal epithelium (Figure 1d). Next, we depleted
kindlin-1 mRNA levels in wild-type embryos using a morpho-
lino targeting the translation start site or splice site. Both
morpholinos induced epidermal fragility and fin rupturing
similar to that of rof mutants, indicating that the rof phenotype
is likely due to a mutation in kindlin-1 (Figure 1e and
Supplementary Table S1 online). Sequencing the kindlin-1
complementary DNA (cDNA) of rof mutants revealed a G4T
mutation in exon 13 of the kindlin-1 coding region, which is
predicted to introduce a premature stop codon at amino acid
residue E565 (Figure 1f). Because of a lack of available
antibodies that recognize zebrafish Kindlin-1, we could not
determine whether the mutation affects protein expression.
However, the stop codon does not affect the stability of the
transcript, because kindlin-1 mRNA expression in rof/kindlin-1
mutants was equal to that in wild-type embryos (Figure 1g).
We therefore assume that the mutation causes the expression
of a truncated Kindlin-1 protein (Kindlin-1del565) that lacks the
C-terminal 96 amino acids, which comprise almost the entire
F3 domain (Figure 1h). It is noteworthy that a mutation in
KIND1 that introduces a premature stop codon has been
identified in a KS patient, which leads to the expression of a
nonfunctional protein product lacking 145 amino acids at the
C-terminus (Has et al., 2008). Injection of kindlin-1G1693T
RNA, encoding the putative truncated Kindlin-1del565 mutant,
in wild-type embryos did not induce developmental defects
(Supplementary Table S2 online), excluding the possibility
that the rof/kindlin-1 phenotype is caused by dominant-
negative effects. Expression of full-length Kindlin-1 but not
Kindlin-1del565 in rof/kindlin-1 mutants rescued the epidermal
fragility and fin rupturing completely (Figure 1i and Supple-
mentary Table S2 online). In addition, human kindlin-1 also
rescued the epidermal defects (Figure 1i and Supplementary
Table S2 online), in line with the high sequence conservation
between human kindlin-1 and zebrafish Kindlin-1 (B70%;
Supplementary Figure S1 online).
The F3 domain of kindlins contains the integrin-binding site,
and overexpression studies in cultured cells indicate that
amino acids K610, W612, and I647 in kindlin-1 are crucial
for the interaction with b1 and its recruitment to focal
adhesions (Harburger et al., 2009). These residues are
conserved in zebrafish Kindlin-1 and are lost in the putative
Kindlin-1del565 mutant (Supplementary Figure S1 online).
To study the importance of the three residues in vivo, we
replaced them for alanines, either individually or in combina-
tion, and performed reconstitution experiments in rof/kindlin-1
embryos. Intriguingly, WI/AA and either of the single point
mutants completely rescued the phenotype, whereas the
KI/AA and KW/AA mutants induced only partial rescue and
the KWI/AAA mutant did not rescue at all (Figure 1i and
Supplementary Table S2 online), indicating that K610,
together with either W612 or I647, is required for Kindlin-1
function in vivo.
Loss-of-function mutations in Kindlin-1 cause cell–matrix and
cell–cell contact defects in the basal epidermis of zebrafish and
in KS patients
To examine the epidermal abnormalities in rof/kindlin-1
mutants in more detail, we performed transmission electron
microscopy on embryos at 2 d.p.f. Compared with wild-type
embryos, the basal epidermis of rof/kindlin-1 mutants was
severely malformed, and microblisters were observed between
the basal epidermis and the BM (Figure 2a, upper and lower
panels). Interestingly, we also observed gaps between the cells
in the basal epidermis, suggesting defects in cell–cell adhesion
(Figure 2a, middle panel). We therefore investigated the
formation of cell–cell contacts by immunostaining of E-cad-
herin in whole mounts of wild-type and rof/kindlin-1 embryos,
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which was visualized using confocal microscopy. Compared
with wild-type embryos, E-cadherin appeared more
diffusely distributed in the basal epidermal cells in rof/
kindlin-1 mutants, and a large fraction localized in punctate
cytoplasmic structures resembling vesicles, which probably
reflects E-cadherin internalization resulting from increased
cell–cell contact dissociation (Figure 2b). Because the E-cad-
herin/b-catenin complex has a critical role in the assembly of
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Figure 1. Mutation in kindlin-1 causes progressive rupturing-of-fins (rof) in zebrafish. (a) Medial fins of wild-type and rof mutant zebrafish. d.p.f., days post
fertilization. (b) Quantification of medial fin outgrowth. (c) Linkage analysis of the rof locus. Arrows indicate direction of the mutation; red line indicates open
reading frame of the transcript. Chr. 20, chromosome 20. (d) In situ hybridization for kindlin-1 in wild-type embryos. Inset shows gut epithelium. h.p.f., hours post
fertilization. (e) Medial fins of noninjected control (nic) and wild-type embryos injected with a kindlin-1 ATG morpholino (ATG-MO) or splice-site morpholino
(splice-MO). (f) Sequence of wild-type and rof/kindlin-1 mutant complementary DNA (cDNA). Arrow indicates the mutation. (g) mRNA expression of kindlin-1
(ef1a¼ cDNA input control) in wild-type (wt) and rof/kindlin-1 embryos. (h) Structure of wild-type and mutant zebrafish (zf) Kindlin-1. (i) Medial fins of rof/kindlin-1
embryos injected with zfKindlin-1, zfKindlin-1del565, human (hu)kindlin-1, or hukindlin-1KWI4AAA.
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Figure 2. Cell–matrix and cell–cell contact defects in rof/kindlin-1 mutants. (a) Electron microscopy of wild-type (left) and rof/kindlin-1 mutant (right) embryos
at 2 days post fertilization (d.p.f.). Black arrows mark the sites of cell–cell contact, arrowheads mark the basement membrane, and asterisks mark cell–matrix and
cell–cell contact defects. a, actinotrichia; be, basal epidermis; e, epidermis; ecm, extracellular matrix; pe, periderm . Bars¼ 5mm (top) and 1mm (bottom).
(b) Whole-mount immunostaining of E-cadherin in wild-type (left) and rof/kindlin-1 (right) mutant embryos at 6 d.p.f. Boxed region is enlarged in the inset. Arrows
point toward punctate cytoplasmic E-cadherin compartments. Bars¼ 40mm (left) and 10mm (right). (c) Labeling of F-actin (green) and p63 (red) in basal
epidermis and periderm of wild-type and rof/kindlin-1 mutant embryos at 6 d.p.f. Bar¼ 10mm.
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the cortical actin cytoskeleton, we also stained embryos with
phalloidin to visualize filamentous actin (F-actin), using p63 as
a counterstaining to identify basal epidermal cells. In rof/
kindlin-1 embryos, cortical F-actin appeared both less abun-
dant and less organized in the basal epidermis but not in the
periderm, in line with the aberrant organization of cell–cell
contacts (Figure 2c).
We next investigated whether loss-of-function mutations in
kindlin-1 also cause defects in the organization of cell–cell
contacts in human epidermis. Therefore, we examined biop-
sies of two KS patients from Italy, a male homozygous for
mutation c.116delA and a male homozygous for mutation
IVS7-1G4A (Has et al., 2006). Immunolabeling of Ln-332
revealed BM abnormalities, including blisters and interrupted
or increased BM deposition, typical of KS (Figure 3). Intrigu-
ingly, E-cadherin was hardly detected at the lateral cell
membranes in basal keratinocytes in the two KS patients,
suggesting a loss of cell–cell contacts, whereas its localization
in the suprabasal layers of the epidermis appeared normal
(Figure 3).
The badfin mutation disrupts Integrin a3b1 biosynthesis and
causes cell–matrix and cell–cell adhesion defects in the basal
epidermis of zebrafish
In a previous screen for epidermal defects, a missense
mutation was identified in itga3, the gene encoding the
Integrin a3 subunit in zebrafish, causing defects in fin
morphogenesis for which the mutant was designated badfin
(bdf; Carney et al., 2010). The mutation leads to the
substitution of serine 427 for proline, and the corresponding
residue in the human a3 sequence is serine 433 (S433)
(Figure 4a). S433 is located in the b-propeller region, as
shown by homology modeling based on the crystal structure
of a5b1 (Figure 4b; Nagae et al., 2012). The b-propeller
contains seven b-sheets formed by FG-GAP repeats (Figure 4c
and Supplementary Figure S2 online), which are strongly
conserved among integrin a-subunits and across species, and
the region is pivotal for proper protein folding of integrin
a-subunits. To investigate the effects of S433P substitution on
a3 biosynthesis, we introduced the mutation in human a3 cDNA,
and stably expressed either wild-type a3wt or mutant a3S433P
in a3-deficient murine MKa3- keratinocytes (Margadant et al.,
2009). We first analyzed the expression of precursor and
mature a3 by western blotting. Similar to most integrin
a-subunits, a3 is synthesized as a precursor of B150 kDa.
After association with b1, the a3b1 heterodimer is transported
to the Golgi network where the a3 precursor is cleaved into a
heavy (B115 kDa) and a light chain (B35 kDa), and the mature
a3b1 translocates to the plasma membrane (Delwel et al.,
1997; Lissitzky et al., 2000). Although protein expression of
precursor a3S433P was detected, it was considerably reduced
as compared with that of a3wt. Furthermore, the mature
product was completely absent, as evidenced by the lack of
the a3 light chain (Figure 4d). Flow cytometry analysis
confirmed that a3S433P was not expressed at the cell surface
(Figure 4e). Presumably, the mutation disrupts the folding of
the a3 precursor, thereby preventing a/b heterodimerization
and transport to the Golgi and to the plasma membrane. The
low expression of the precursor is likely due to the endoplas-
mic reticulum–associated degradation pathway, which clears
misfolded proteins. Thus, the S433P mutation is a true loss-of-
function mutation. Consequently, the a3S433P keratinocytes
behaved as a3-deficient cells, as cell adhesion to human Ln-
511 was decreased by the a6-blocking antibody GoH3 in
MKa3– and MKa3S433P, but not in MKa3wt cells, indicating
that a6 integrins mediate adhesion to Ln-511 in the absence of
a3. In contrast, adhesion to Col-1 was not affected by GoH3
(Figure 4f). GoH3 also reduced cell spreading of MKa3– and
MKa3S433P cells, but not of MKa3þ cells, both on Ln-511 and
to a lesser extent also on Col-1, which is due to cell spreading
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Figure 3. Loss-of-function mutations in kindlin-1 cause cell–matrix and
cell–cell contact defects in the epidermis in Kindler syndrome (KS) patients.
Immunostaining of E-cadherin (red) and laminin-332 (Ln-332; green) in the
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on deposits of endogenous Ln-332 as we have described
previously (Margadant et al., 2009) (Figure 4g and
Supplementary Figure S3 online).
We then investigated the epidermal defects in bdf/itga3
embryos by electron microscopy. Similar to rof/kindlin-1
mutants, gaps were observed between the basal epidermal
cells, in addition to blisters at the basal side (Figure 4h). Con-
focal microscopy also confirmed that in bdf/itga3 mutants,
E-cadherin and b-catenin were diffusely distributed, with a
large fraction seemingly localized in vesicles (Figure 4i).
Integrins and cadherins share many characteristics: both are
transmembrane adhesion receptors, both connect to signaling,
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Figure 4. Disruption of a3b1 biosynthesis causes cell–matrix and cell–cell contact defects. (a) The S427 residue in a3, mutated in bdf/itga3, and its human
homolog S433. aa, amino acid. (b) Arrow indicates position of S433 in the b-propeller of a3. (c) Box shows position of S433 in the FG-GAP repeats.
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MKa3S433P. (f) Adhesion to laminin-511 (Ln-511) and collagen-1 (Col-1). White bars, GoH3. Values shown are averages ±SD from three independent
experiments (**po0.005). (g) Cell spreading over Ln-511 and Col-1. White bars, GoH3. Values shown are averages ±SD from three independent experiments
(*po0.05, **po0.005, ***po0.001). (h) Electron microscopy of bdf/itga3 embryo (2 days post fertilization (d.p.f.)). Arrows indicate cell–cell contact defects and
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Figure 5. Kindlin-2 expression rescues the trauma-induced fin rupturing in rof/kindlin-1 mutants. (a) Medial fins of wild-type and rof/kindlin-1 embryos at
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epidermal cells were identified by p63 staining. Bars¼ 100mm.
R Postel et al.
Studying Epidermal Adhesion In Vivo
2186 Journal of Investigative Dermatology (2013), Volume 133
scaffolding, and cytoskeletal elements, and both function
as long-distance mechanotransducers. Cross talk between
integrin-mediated cell–extracellular matrix and cadherin-
mediated cell–cell contacts has been extensively documented
and can be either positive or negative, depending on the
experimental approach, the context, and/or the particular
integrin involved (Weber et al., 2011; Burute and Thery,
2012). We and others have previously shown that integrin–
ligand binding and integrin connection to the cytoskeleton
directly decrease the strength of cadherin-based adhesions,
leading to the disruption of cell–cell contacts, cell scattering,
and cell migration (Gimond et al., 1999; de Rooij et al., 2005;
Al-Kilani et al., 2011; Margadant et al., 2012). In contrast,
other studies indicate that integrins can stimulate cadherin-
mediated intercellular adhesion (Martinez-Rico et al., 2010).
Similarly, the results of this study suggest that a3b1 stimulates
intercellular adhesion, which is also in agreement with a
number of previous reports (Wang et al., 1999; Chattopadhyay
et al., 2003; Shigeta et al., 2003). This effect may be direct,
as a3b1 is localized in cell–cell contacts in the epidermis
and in epithelial cells in vitro (Chattopadhyay et al., 2003;
Zhang et al., 2003), or indirect, as a consequence of a3b1
interactions with the matrix and/or the cytoskeleton. An
intriguing possibility in this respect is that the effect of
integrins on cell–cell adhesion is directly linked to their ability
to promote cell scattering and cell migration. Integrin-induced
cell scattering is more efficient on Col or fibronectin than
on Ln (de Rooij et al., 2005), and integrin a3b1 seems to
inhibit rather than promote cell migration, at least in
keratinocytes (Kim et al., 1992; O’Toole et al., 1997;
Hodivala-Dilke et al., 1998; deHart et al., 2003; Margadant
et al., 2009). Thus, whereas ligation of a3b1 to laminins
simultaneously enforces both cell–extracellular matrix and
cell–cell contacts, ligation of other integrins such as a5b1
stimulates cell migration, thereby decreasing intercellular
adhesion. This hypothesis is supported by the observation
that a mutation in lama5, the gene encoding the a5 chain of
Ln-511, also causes both cell–matrix and cell–cell adhesion
defects in zebrafish (Webb et al., 2007). Furthermore,
knockdown of either Ln-511 or a3 expression disrupts cell–
cell contacts in vitro (Greciano et al., 2012).
It should be noted that cell–cell contact defects have not
been observed in newborn mice lacking a3 in the epidermis,
and that newborn kindlin-1-deficient mice develop skin
atrophy but no noticeable skin fragility or blistering (Ussar
et al., 2008; Margadant et al., 2009). This is probably due to
the fact that compared with zebrafish embryos, mice hardly
encounter mechanical stress during embryonic development,
and kindlin-1-deficient mice die before stress-induced skin
defects can develop in neonatal life. Nevertheless, the clear
defects in E-cadherin localization in the basal epidermis of KS
patients indicate that the rof/kindlin-1 mutant is a suitable
model for KS, and that defects in cell–cell contacts represent a
hitherto unrecognized feature of KS.
Fin rupturing in rof/kindlin-1 mutants is induced by mechanical
trauma and is rescued by the expression of Kindlin-2
To investigate whether the epidermal fragility and fin rupturing
observed in rof/kindlin-1 mutants are indeed induced by
mechanical trauma, we cultured rof/kindlin-1 embryos in
1% methylcellulose supplemented with 0.001% tricaine,
which restricts movement of the embryos and prevents direct
contact with the culture dish. A significant reduction in fin
rupturing was observed at 3 and 6 d.p.f. compared with
untreated rof/kindlin-1 embryos, indicating that the defects are
indeed induced by mechanical trauma (Figure 5a and b).
To determine whether overexpression of Kindlin-2 can
compensate for the loss of Kindlin-1 during embryonic
development, kindlin-2 RNA was injected in rof/kindlin-1
embryos. Intriguingly, the expression of zebrafish Kindlin-2
or human kindlin-2 completely rescued the fin defects of
rof/kindlin-1 mutants (Figure 5c and Supplementary Table S2
kindlin-1 MO 1:4
itga3 MO 1:6 + ilk MO 1:30
itga3 MO 1:6 + kindlin-1 MO 1:4
+ 100 pg kindlin-1 RNA
itga3 MO 1:6 + ilk MO 1:30
+ 100 pg ilk RNA ilk MO 1:30 + kindlin-1 MO 1:4
itga3 MO 1:6 ilk MO 1:30 itga3 MO 1:6 + kindlin-1 MO 1:4
loc/ilk rof/kindlin-1 loc/ilk // rof/kindlin-1Wild type
Figure 6. Integrin-linked kinase (Ilk) and Kindlin-1 do not act synergistically in the basal epidermis of zebrafish. (a–d) Morphology of the medial fins of
homozygous (a) wild-type, (b) loc/ilk, (c) rof/kindlin-1, and (d) loc/ilk // rof/kindlin-1 embryos at 3 days post fertilization (d.p.f.). (e–i) Morphology of the medial fins
of wild-type embryos at 3 d.p.f. after injection of suboptimal doses of morpholinos (MOs) against (e) kindlin-1, (f) itga3, (g) ilk, (h) itga3 and kindlin-1, or
(i) itga3 and ilk. (j–l) Morphology of the medial fins of wild-type embryos at 3 d.p.f. after coinjection of (j) MOs against itga3 and kindlin-1 together with kindlin-1
RNA, (k) MOs against itga3 and ilk together with ilk RNA, or (l) MOs against kindlin-1 and ilk.
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online). Although functional redundancy of kindlin-1 and
kindlin-2 has been shown in cultured keratinocytes, they also
seem to have unique functions, both in vitro and in vivo. For
example, kindlin-1 but not kindlin-2 binds to avb6, kindlin-2
expression in the intestinal epithelium cannot rescue the
intestinal defects in kindlin-1-deficient mice, and KS patients
develop defects despite the presence of kindlin-2 in the
epidermis (Ussar et al., 2008; He et al., 2011;
Bandyopadhyay et al., 2012). It is assumed that the
functional differences in vivo arise at least partly from the
differential distribution of the kindlins in epithelia; whereas
kindlin-1 is predominantly localized in the basal layer of the
epidermis at the interface with the BM, kindlin-2 is enriched at
the lateral membranes in the basal as well as the suprabasal
layers (Lai-Cheong et al., 2008). To study the localization of
the kindlins in zebrafish, we expressed GFP-tagged kindlins in
rof/kindlin-1 embryos and examined their localization in
whole mounts. Both kindlins were diffusely distributed
throughout the cytoplasm and enriched at the basal and
lateral surfaces (Figure 5d). Thus, the distribution of the two
kindlins in the zebrafish epidermis was largely similar, con-
sistent with the observed similarities in function.
Kindlin-1 and ILK act synergistically with integrin a3b1 but not
with each other
We have previously described a nonsense mutation in ilk, the
gene encoding Ilk in zebrafish, which was designated lost-
contact (loc) because it causes skin blistering (Knoll et al.,
2007; Postel et al., 2008). Compared with rof/kindlin-1 and
bdf/itga3 mutants, the phenotype of loc/ilk embryos is slightly
different; fin rupturing is less pronounced and blisters develop
at the tip of the tail, suggesting that the function of Ilk does not
completely overlap with that of Kindlin-1 and Integrin a3b1
(Supplementary Figure S4 online). To study genetic interac-
tions between ilk and kindlin-1, we intercrossed heterozygous
loc/ilk with rof/kindlin-1 mutants. Compared with single
homozygous mutants, compound homozygous mutants dis-
played more severe epidermal fragility and rupturing of the
medial fins, whereas compound heterozygotes were indistin-
guishable from wild-type embryos, suggesting that Ilk and
Kindlin-1 act in a parallel manner rather than synergistically
(Figure 6a–d). However, a potential genetic interaction
between ilk and kindlin-1 in the compound heterozygous
embryos could be masked by dosage compensation. There-
fore, synergistic interaction experiments were performed by
coinjecting suboptimal doses of morpholinos directed against
ilk, kindlin-1, or itga3 in wild-type embryos. We first deter-
mined the suboptimal dose for each morpholino, at which no
epidermal defects occur (Figure 6e–g and Supplementary
Table S3 online). Coinjection of suboptimal doses of morpho-
linos against itga3 and kindlin-1 or against itga3 and ilk
resulted in fin rupturing, revealing that Integrin a3b1 acts
synergistically with both Kindlin-1 and Ilk (Figure 6h and i and
Supplementary Table S3 online). The defects were rescued by
coinjection of the itga3/kindlin-1 morpholinos with kindlin-1
RNA and the itga3/ilk morpholinos with ilk RNA (Figure 6j
and k, and Supplementary Table S3 online). Intriguingly,
coinjection of suboptimal doses of ilk/kindlin-1 morpholinos
did not cause epidermal defects, suggesting that Ilk and
Kindlin-1 do not act synergistically but in parallel (Figure 6l
and Supplementary Table S3 online). Experiments using
the kindlin-1 ATG morpholino, an itga3 ATG morpholino,
or an ilk splice-site morpholino yielded similar results
(Supplementary Table S3 online).
Although ILK can directly bind to b1, previous studies
indicate that kindlin-2 binds ILK and is required for targeting
ILK to focal adhesions (Montanez et al., 2008). Furthermore,
UNC-112, the kindlin homolog in Caenorhabditis elegans,
recruits ILK to sites of muscle attachment (Mackinnon et al.,
2002). It is possible that ILK interacts only with kindlin-2 but
not with kindlin-1 or that interaction between ILK and kindlins
occurs in a tissue-specific manner, e.g., ILK and kindlin-2 inter-
action in muscle. This hypothesis is underlined by the observa-
tion that loss-of-function mutations in both ilk and kindlin-2
cause defects in the cardiac and skeletal muscles in zebrafish
(Knoll et al., 2007; Dowling et al., 2008a, b; Postel et al., 2008).
MATERIALS AND METHODS
Antibodies and other materials
Antibodies and materials used in this study are described in the
Supplementary Materials and Methods online.
Zebrafish strains and forward genetic screening
Fish were raised and maintained under standard laboratory condi-
tions. Fish experiments were performed in accordance with the
institutional guidelines and as approved by the Animal Experimenta-
tion Committee of the Royal Netherlands Academy of Arts and
Sciences. The rof mutant was identified during a forward genetic
screen performed at the Hubrecht Institute, Utrecht, The Netherlands.
ENU mutagenesis was performed as previously described for the
creation of the Hubrecht Institute target-selected mutagenesis library
(Wienholds et al., 2003). Details on zebrafish crossing and screening
are found in Supplementary Materials and Methods online. The
bdf/itga3 mutant was a kind gift from Dr M. Hammerschmidt, and
the loc/ilk mutant has been described previously (Knoll et al., 2007).
Methylcellulose treatment and fin outgrowth measurements
Embryos were cultured from 2 d.p.f. onward in 1% methylcellulose
solution and 0.001% tricaine. The medial fins were imaged with a
Leica stereo microscope (Rijswijk, The Netherlands). The average fin
outgrowth was measured using ImageJ (National Institute of Health,
Bethesda, MD) at four different positions as indicated in Figure 1b.
In situ hybridization, cDNA constructs, and RNA synthesis
Whole-mount in situ hybridization was performed as described
previously (Thisse et al., 1993). Detailed information on in situ
hybridization or cDNA/RNA synthesis is provided in the
Supplementary Materials and Methods online.
RNA and morpholino injections
RNA and morpholino (MO) solutions (B1 nl) were injected at the
one-cell stage. MOs were obtained from Gene Tools (Philomath, OR).
The following MOs were used: kindlin-1 splice-MO: CTTCTAATGTC
TGTAAACAGAGTTA and ATG-MO: GCCGAGGCCATGATTCTGCC
TGAAA; ilk splice-MO (Knoll et al., 2007); integrin-a3 splice-MO;
and ATG-MO (Carney et al., 2010).
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Patient material, cell culture, cloning, and retroviral
transduction
The use of skin biopsies from KS patients for research purposes has
been approved by the Local Ethics Committee of the Istituto
Dermopatico dell’Immacolata (23/07/2007; study: ‘‘Epithelial adhe-
sion disorders: molecular mechanisms, development, and validation
of diagnostic procedures’’). The study conformed to the ethical
guidelines of the Declaration of Helsinki Principles and was con-
ducted after written informed consent was obtained from the patients.
The S433P mutation was generated by PCR overlap extension method
using a cDNA encoding human full-length a3A as a template. Wild-
type ITGA3 was isolated by digestion with SacI and ligated into
pUC18-a3. After digestion with SphI, ITGA3 was ligated into LZRS-
IRES-zeo. For details on retroviral transduction and cell culture, see
Supplementary Materials and Methods online.
Flow cytometry and microscopy
Flow cytometry and microscopy were performed essentially as
described earlier (Margadant et al., 2009) and are detailed in
Supplementary Materials and Methods online.
Cell lysis and western blotting
Cells were washed in ice-cold phosphate-buffered saline and lysed on
ice in RIPA buffer (25 mM Tris/HCl, pH 7.6, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, and 0.1% SDS), supplemented with
protease inhibitor cocktail (Sigma, Steinheim, Germany). Cell lysates
were cleared by centrifugation at 13,000g, heated at 95 1C in SDS
sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% b-
mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol blue),
and proteins were resolved by SDS-PAGE, after which they were trans-
ferred to polyvinylidene difluoride membranes (Millipore, Amsterdam,
The Netherlands) and analyzed by western blotting, followed by ECL
using the SuperSignal system (Pierce Chemical, Rockford, IL).
Adhesion and cell spreading assays
Adhesion and cell spreading assays were performed essentially as
described earlier (Margadant et al., 2009) and are detailed in
Supplementary Materials and Methods online.
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